Improvement in optical and electrical properties were observed after sulphur passivation of gallium antimonide surface. Enhancement of photoluminescence intensity up to 60 times, reduction in surface state density by two orders of magnitude, and reverse leakage currents by a factor of 20-30 were obtained as a result of surface passivation. While the reduction of surface recombination is attained, the surface is not unpinned.
Improvement in optical and electrical properties were observed after sulphur passivation of gallium antimonide surface. Enhancement of photoluminescence intensity up to 60 times, reduction in surface state density by two orders of magnitude, and reverse leakage currents by a factor of 20-30 were obtained as a result of surface passivation. While the reduction of surface recombination is attained, the surface is not unpinned.
In recent years, GaSb has become an important III-V compound semiconductor for optoelectronic device applications. ' Previous studies reveal that devices fabricated on GaSb exhibit large leakage currents. ' The problems of high surface state densities, surface Fermi level pinning and a residual native oxide layer on the surface, has hindered the development of devices based on GaSb. ' Hence, suitable surface passivation is an important step for the further development of GaSb device technologies. Previous experience with GaAs, AlGaAs, and InP wherein various dry and wet chemical treatments have been used to improve the surface-related characteristics justifies this point."-" Of the various reagents used for surface treatments including HaS gas, Na,S, WOH, and (NH&S, the ammonia sulphides with excess sulphur [(NH&& (x= l-3)] were found to be the most effective. However, very little work has been done to investigate the passivating effect of sulphur on GaSb.7 In this letter, we present our results on the effect of sulphur passivation on the optical and electrical properties of the GaSb surface.
GaSb single crystal samples (Te doped II type, and undoped p type) were used in this study. The crystals were grown in our laboratory by the vertical Bridgman technique.' Surface passivation of GaSb substrates was carried out using ammonium sulphide [(NH,&&.] . Photoluminescence spectroscopy was used to characterize the optical properties before and after passivation. The PL measurements were carried out using a MIDAC Fourier transform photoluminescence spectrometer with a resolution of 1 meV. The room-temperature PL measurements were performed with the samples placed in a sealed He-tilled chamber. For low temperature measurements, the samples were freely suspended in liquid He at 4.2 K. An A? laser operating at 5145 A was used as the excitation source with excitation levels of 3.5 and 0.166 mW/cm" at 300 and 4.2 K respectively. A liquid-nitrogen cooled Ge photodetector was used for detection.
The influence of various etchants before (NH4j2Sx treatment were studied first. The wafers were etched using different etchants, soaked in (NH&$ solution kept at 50 "C, and then dried in Nz gas. The strength of the room-temperature PL signal is shown in Fig. 1 as a function of surface treatment. Since the PL observed was a typical band-to-band transition, we indicate relative intensities only. In order to find an optimum condition which could yield the best PL intensity, the sulphur treatments were carried out for various times (as indicated in Fig. 1 ). The variations in PL intensity after (NH&S, treatments for different times are believed to result from the gradation in passivated surface film quality. Reduction in PL intensity due to overpassivation is attributed to scattering by the polycrystalline surface film reconstructed with sulphur. Furthermore, the effect of rinsing the residual sulphur film with de-ionized water was also evaluated. As can be seen from Fig. 1 , improvement in PL efficiency was observed even after thoroughly rinsing off the bulk of the film in de-ionized water, presumably due to the presence of a passivating submonolayer surface phase. The effect of etchants on the PL yield is evident from Fig. 1 . The highest PL intensity was observed for the samples etched in HCl:H*O followed by sulphur (S) treatment. Reduction of the PL intensity for this sample was very minimal even after a few days indicating the stable nature of the passivated surface, This is because HC1:H20 usually removes the surface oxide layer without affecting the surface. Other etchants sometimes etch the surfaces nonstoichiometrically thereby increasing the surface state density. The low temperature PL spectra for the untreated and the treated samples are shown in Fig. 2 . The PL spectrum of untreated GaSb showed residual acceptor (777 meV) and acceptor bound exciton (792 meV), whereas for S-treated GaSb, free exciton (810 meV), and acceptor bound excitons (797 meV, 801 meV) with enhanced intensity (nearly 60 times) were observed. This indicates that the dangling bonds at the surface are terminated by sulphur, which leads to the reduction of recombination centers of excitons. The highly resolved spectral features seen at low temperature in the passivated sample is likely to be due to the reduction in nonradiative surface recombination centers. This is also reflected in our enhanced room-temperature PL intensities.
Capacitance-voltage (C-V) measurements on Schottky diodes fabricated by thermal evaporation of various metals on the untreated and the treated samples indicate the barrier heights to be independent of metal work function. Hence, the surface Fermi level pinning seems to exist even after sulphur passivation. From current-voltage (I-V) measurements at room temperature (Fig. 3) , the ideality factor for the forward 1-V characteristics (in the low bias regime) was found to be in the range of 1.4-1.6 for the untreated samples and l.l- 1.2 for the passivated ones. The ideality factor between 1 and 2 indicates that electron diffusion current and surface recombination current are comparable in magnitude. Hence, the decrease in the ideality factor after passivation is mainly due to the reduction in surface recombination current. The reverse current in Schottky diodes decreased by a factor of lo-20 (see Fig. 3 ). This may be due to the formation of a very thin dielectric layer between the semiconductor and the metal. S treatment after diode fabrication was found to reduce the reverse current further by a factor of 2-5. This can be due to the fact that S treatment changes the fixed charge in the oxide and thus diminishes the surface channel conductivity. DLTS measurements were carried out on MIS structures to study the effect of passivation on the surface state densities. The oxide layers of the MIS structures were formed by anodic oxidation of GaSb using either a ,solution of KOH in methanol9 or an aqueous solution of H,P04 with a pH of 2.5.l' Mere exposure to ambient air for a long time also gives rise to an insulating layer. However, the MIS structures fabricated using this technique were found to be leaky. To separate the contribution due to the bulk deep level in GaSb, we also performed DLTS measurements on the Schottky diodes of GaSb. The results are shown in Fig. 4 . The Schottky samples primarily show the bulk-dominated features. Hence the DLTS spectra of the Schottky diodes exhibited only a minor difference between the surface treated and the un: treated samples. DLTS signals observed from the MIS struo ture originate at the semiconductor-insulator interface states. As can be seen, the MIS structures fabricated after S treatment exhibit a drastic reduction in surface trap densities (note that the peak at 150 K is due to bulk deep level in GaSb). Using the conventional conductance-frequency measurements," the surface trap densities were found to be in the range of 1X lOlo-5X 10" cm-' eV-l and 3X1O'2-8X1O12 cme2 eV-' for the treated and the untreated samples, respectively. The iowest density of state was obtained for the sample etched using HCI:H,O (1:l) and treated by sulphur. The surface state density was found to increase for various sample treatments in this order: etched in HCI:H,O and S treated, etched in Br, methanol (0.03% Brd and S treated, etched in HCI:HNO, (3O:l) and S treated, and etched in CHaCOOH:HNOa:HF (40:18:2) and S treated. From our optical and electrical studies, it can be inferred that the reduced surface recombination rate (as evidenced by the increase in PL intensity) is mainly due to the reduction in surface state density (as electrically measured). There can be an additional contribution due to the increase in band bending brought in by the surface treatments." Downward band bending near the surface gives rise to a field which tends to repel electrons that may approach the surface from the bulk regions. Since the sites for recombination are presumed to be near the surface, recombination can be effectively decreased by inhibiting carrier transport to the surface.
For technological applications, it is essential to produce a passivating surface which not only reduces the density of surface states but also remain chemically stable under atmospheric conditions for long periods. In our case, the enhanced gain in PL intensities after passivation persisted for a few months. The leakage current in the Schottky diodes prepared using the unpassivated samples increased by approximately one order of magnitude after one year and the MIS prepared on the unpassivated samples were found to be leaky after a few months. However, the Schottky diodes and the MIS structures fabricated after passivation showed no sign of degradation even after one year. To check the chemical stability of the passivating tllm, heat treatment at 200-250 "C in Nz atmosphere for lo-30 min was performed. It was found that the passivating effect remained even after such a treatment. In fact, sulphur forms many stable binary compounds with Ga and Sb. The beneficial effect of the treatment should be quite general and similar improvements in performance could be obtained on other GaSb-based devices. Moreover, the passivating film thus formed is chemically robust and does not hinder the long-term device performance.
In conclusion, we have investigated the effects of (NH&& surface treatment on optical and electrical properties of GaSb. Enhancement in PL intensity, reduction both in surface state density and diode leakage current were observed as a result of passivation. However, the surface pinning still persists. Under optimized conditions, one can form a fully passivating thin interfacial sulphide layer. On such an interface it is possible to fabricate devices with improved characteristics.
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